The ground and excited state properties of the [60]fullerene, diphenylbenzothiadiazole-triphenylamine (PBTDP-TPA) dyad and fullerene-diphenylbenzothiadiazole-triphenylamine (fullerene-PBTDP-TPA) triad were investigated theoretically using density functional theory with B3LYP functional and 3-21G basis set and time-dependent density functional theory with B3LYP functional and STO-3G basis set as well as 2D and 3D real space analysis methods. The 2D site representation reveals the electron-hole coherence on excitation. The 3D transition density shows the orientation and strength of the transition dipole moment, and the 3D charge difference density gives the orientation and result of the intramolecular charge transfer. Also, photoinduced intermolecular charge transfer (ICT) in PBTDP-TPA-fullerene triad are identified with 2D and 3D representations, which reveals the mechanisms of ICT in donor-bridge-acceptor triad on excitation. Besides that we also found that the direct superexchange ICT from donor to acceptor (tunneling through the bridge) strongly promotes the ICT in the donor-bridge-acceptor triad.
I. INTRODUCTION
Intramolecular charge transfer (ICT) and energy transfer (ET) are very important reactions in many chemical and biological systems [1] [2] [3] [4] [5] [6] [7] . In particular, the photoinduced ICT and ET processes play the key role for the design of photochemical molecular devices or artificial photosynthetic systems which are an area of intense current research activity. It is well-known that photoexcitation leads to an electron or a hole to transfer from donor to acceptor with the assistance of an intermediate or midway group, which forms a radical anion of the donor and radical cation of the acceptor group [8] [9] [10] [11] [12] . Many aspects of electron transfer have been discovered over the years: for example, its dependence on parameters such as temperature, free energy, orientation, and distance. The distance dependence of electron transfer has been shown to be a complex function of individual parameters, including molecular geometry and energetics [13] . Electron transfer is considered to be long-range, which is a prerequisite for molecular materials designed to serve as active components in artificial photosynthesis [4] , if the electron travels more than 10Å. The distances are often much longer. Over these distances it is energetically more favorable for electrons to tunnel through unoccupied orbitals of the intervening medium than to travel through empty space. Usually, such tunneling is described by two kinds of mechanisms [13] [14] [15] [16] [17] [18] [19] [20] : superexchange or through bond and sequential or charge hopping, and the corresponding model description can be simplified as donor-bridgeacceptor (D-B-A) triad, in which a donor (D) group is covalently linked to an acceptor (A) group through a rigid or flexible bridging unit (B). For D-B-A triad, the rate of electron transfer can be controlled by changing the structural and electronic properties of bridge molecules such as the length or degree of conjugation or polarity of the solvent. These two mechanisms of ICT in D-B-A triad are different. In the superexchange mechanism, the direct, long-distance charge transfer occurs in a single-step process which is described as a "coherent tunneling process", because the electron can be transferred from donor to acceptor without stopping in midjourney. In other words, no observable radicals in the bridge between the donor and acceptor exist, and only donor and acceptor radicals can be observed. For the sequential mechanism, the charge transfer is completed by multistep hopping. In this incoherent process, the charge temporarily resides on the midway group, and the corresponding radical cations can be observed as intermediates.
The D-A and D-B-A systems are so important for artificial photosynthesis that a number of laboratories have developed ways to control photoinduced charge transfer using light or other inputs. The unique characteristics of fullerene (C60) and its simple derivatives make them excellent candidates for acceptor building blocks in photoinduced electron D-A and D-B-A systems [21] [22] [23] [24] [25] [26] [27] [28] . Such characteristics are low reduction potential affording a good electron-acceptor ability, small reorganization energy for electron transfer processes, synthetic accessibility, desirably photophysical charac-teristics and so on [29] . The rate and efficiency of photoinduced electron transfer processes in fullerene based D-A and D-B-A systems have been investigated experimentally and theoretically [8, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
In this work, photoinduced ICT in PBTDP-TPA dyad, fullerene and fullerene-PBTDP-TPA triad were investigated theoretically with time dependent density functional theory (TD-DFT) as well as 2D and 3D real space representations [8] [9] [10] [11] [12] [39] [40] [41] [42] [43] [44] [45] , which was based on a recent experimental report about photoinduced ICT in [60] fullerene-PBTDP-TPA triad [30] . The mechanisms of ICT in donor-acceptor dyad and donor-bridgeacceptor triad were revealed, too.
II. METHODS
The molecular structures of PBTDP-TPA, fullerene, and fullerene-TPA-PBTDP are shown in Fig.1 . The geometry optimizations of them for the ground states were calculated with density functional theory (DFT) [46] , using B3LYP functional [47] and 3-21G basis set. The transition energies and oscillator strengths in absorption were calculated with time dependent density functional theory (TD-DFT) [48] , using B3LYP functional and STO-3G basis set. All the quantum chem- ical calculations were done with Gaussian 03 program package [49] .
The excited state properties of PBTDP-TPA, fullerene and fullerene-TPA-PBTDP were investigated with 2D site and 3D cube representations. The detailed description of the 2D and 3D real space analysis methods have been described in these works [8] [9] [10] [11] [12] [39] [40] [41] [42] [43] [44] [45] and references therein.
Briefly, the transition density matrix in a site representation has been used to analysis the electron-hole coherence as well as excitation delocalization in conjugated polymers [39, 42, 50] . Photoexcitation creates an electron-hole pair or exciton by moving an electron from an occupied orbital to an unoccupied orbital [39] . Each element of the transition density matrix reflects the dynamics of this exciton projected on a pair of atomic orbitals given by its indices [50] . In 2D site representation, each data point (x,y) gives the probability |ψ(x, y)| 2 of finding one charged particle on site x and the second one on site y. The probability amplitudes ψ(q, r) to have on charged particle in atomic orbital q on site x and the second one in atomic orbital r on site y is given by [42] 
where
are the corresponding LCAO (linear combination of atomic orbitals) coefficients in the occupied and unoccupied molecular orbitals involved in the jth configuration. The C CI j are the configuration-interaction (CI) coefficients. The probability has the following form:
In the 3D cube representation, the transition density from the ground state to the excited state is given by [51] ρ µ0 ( r ) = a∈unocc i∈occ
where C µai stands for the ith eigenvector of the CI Hamiltonian based on the single-excitations from the occupied Hartree-Fock molecular orbital ϕ i ( r ) to the unoccupied one ϕ a ( r ). The transition density determines the dipole transition moment (or transition dipole), giving the strength and the orientation for the interaction with the electromagnetic field. The charge difference density (CDD) is given by (5) The first and the second terms in Eq.(5) represent the hole and electron in the CDD, respectively.
In short, the 2D site representation reveals the electron-hole coherence on the excitation; the transition density determines the orientation and strength of the transition dipole moment; and the CDD determines the orientation and result of intramolecular charge transfer.
III. RESULTS AND DISCUSSION

A. Excited state properties of PBTDP-TPA dyad
The calculated transition energies and their corresponding oscillator strengths of PBTDP-TPA are listed in Table I , from which we can find that the calculated value are red shifted by ∼40 nm compared with the experimental results for the first-excited state. From the contour plots of transition density matrix in Fig.2 , we can obtain the excited state properties. It is clearly shown that the electron-hole coherences are mainly between PBTDP and TPA subunits for S1, so which is the ICT excited state; while for S2, the electron-hole pairs are all localized on the PBTDP subunit, so it is the localized excited (LE) state. The 3D charge difference densities (shown in Fig.3 are localized in PBTDP and TPA subunits for S1, respectively. So for S1, the orientation of the electron transfer is mainly from the TPA to PBTDP, which can be supported from the transition dipole moment of the PBTDP-TPA dyad (the orientation of the transition dipole moment is from the electron to hole). For S2, from the charge difference density, we can obtain that S2 is the localized excited state, since the holes and electrons are all localized on the PBTDP subunit. As for the PBTDP subunit, it is an ICT excited state because of the electron transfer from the diphenyl to benzothiadiazole. The transition dipole moment is localized on the PBTDP subunit, so the electron-hole pairs are localized on the PBTDP subunit. Comparing the transition densities between S1 and S2, we can find the orientations of transition densities are opposite to each other. The calculated transition energies and oscillator strengths for the first seventy five excited states were calculated (see supporting information), and the first forty excited states are listed in Table II , from which we can find that there are two kinds of excited state properties for fullerene on excitation: one is the ICT excited state and the other one is the LE state. S1 and S2 can stand for these two kinds of excited state properties, respectively. Also the excited state properties of these forty excited states were identified with 2D site and 3D cube representations. The calculated absorption spectroscopy is shown in Fig.4 , from which we can   FIG. 4 The calculated absorption spectroscopy of fullerene. find the maximum absorption edge is around 500 nm, and the strongest absorption is in the range from 240 nm to 300 nm. The contour plots of transition density matrixes are given in Fig.5 , from which one can find that the first excited state is the localized excited state, where electron-hole pairs are all localized on the C60 subunit; while the second excited state is the ICT excited state, where the electron transfers from NMP to C60, since holes and electrons are localized on the NMP and C60 subunits, respectively. All these results above can be supported by Fig.6 , in which the charge difference densities of fullerene are given.
C. Excited state properties of PBTDP-TPA-fullerene triad
The calculated transition energies and oscillator strengths of PBTDP-TPA-fullerene triad are listed in Table III , from which one can find that there are similar results for the excited states S1, S3, and S6, which are the ICT excited states where electrons transfer from TPA to fullerene directly, without passing through the bridge (tunneling through the bridge), since there is no observable radicals in the bridge between the donor and acceptor. Obviously, the ICT mechanism for S1 is the superexchange mechanism. Moreover, there are similar results for the excited states S2, S4, and S9, which also are the ICT excited states where electron transfer occurs in fullerene subunit, where the charges transfer from NMP to C60 which is similar to the case of fullerene. For the excited states S5, S7, S8, S11 and S12, there are similar results too, which are locally excited states. The electron and hole are localized in the fullerene subunit. From the Table III , it should be noted that the excited state S10 is also an ICT excited state, but it is different from any other excited state in the table where the electrons and holes are localized on the PBTDP and TPA, which suggests that the charges transfer from TPA to PBTDP, not to fullerene. (For this excited state, the orbital transition is from HOMO to LUMO+3, and the densities of HOMO and LUMO+3 are localized on the TPA and PBTDP subunits, respectively, see Fig.2 in Ref. [41] .) So, the excited state properties of PBTDP-TPA-fullerene triad for S10 are similar to the S1 excited state properties of PBTDP-TPA dyad, and the bridge (PBTDP) of PBTDP-TPA-fullerene triad acts as an acceptor on photoexcitation. Besides that, there is another kind of charge transfer for S13-S16 in Table III , which are ICT excited states where the charges transfer from PBTDP to fullerene. For S13-S16, the charge difference density shows the electrons on the fullerene are donated by PBTDP, not by TPA, since the holes are localized on the PBTDP subunit, not TPA subunit. Therefore, the role of PBTDP as bridge for D-B-A triad as a donor on photoexcitation can be confirmed from the transition densities of S10 and S13. All of the properties of the excited states are identified with charge difference densities. Here, only five important excited states are shown in Fig.7 , which stand for five different kinds of excited state properties.
IV. CONCLUSION
The geometry optimizations of the fullerene, PBTDP-TPA dyad, and fullerene-PBTDP-TPA triad for the ground state were calculated with DFT methods with B3LYP functional and 3-21G basis set. The excited state properties of PBTDP-TPA dyad, fullerene and PBTDP-TPA-fullerene triad were identified with 2D and 3D real space analysis methods. The 2D site representation reveals the electron-hole coherence on the excitation. The 3D transition density determines the orientation and strength of the transition dipole moment, and the 3D charge difference density determines the orientation and result of intramolecular charge transfer and energy transfer. Also, photoinduced ICT in donor-acceptor dyad and PBTDP-TPA-fullerene triad are identified with 2D and 3D representations, which reveal the mechanisms of ICT in donor-bridgeacceptor triad on excitation. In addition, we found that the ICT mechanisms of PBTDP-TPA-fullerene triad were revealed theoretically, and there are five kinds of mechanisms. For the donor-bridge-acceptor triad, the role of PBTDP as bridge can be as a donor or acceptor for some excited states. 
